The influence of high volume cement replacement using a combination of slag and limestone, on the hydration, reaction products and pore structure, and strength of cementitious systems is reported in this paper. Total replacement levels vary from 20% to 50% by volume. Slag is blended with: (i) portland-limestone cement (PLC) that contains limestone interground with cement, or (ii) OPC and limestone of four different sizes in such a way that the resulting particle size distribution of the composite matches that of the corresponding PLC-based mixture. The hydration response of cement and cement-slag mixtures are found to be modified in the presence of limestone. It is observed from calorimetric and thermogravimetric analysis that a favorable slag-limestone synergy exists, that enables high volume replacement of cement without concomitant loss in properties. The early-age compressive strengths are beneficially impacted by the presence of limestone whereas the clinker factor does not play a significant role in later-age strengths in both the blended and interground systems. The study paves the way for development of multiple-material binders containing higher levels of cement replacement that demonstrate early and later age properties that are comparable to or better than that of traditional straight cement systems.
INTRODUCTION
The environmental impact, particularly the significant emission of greenhouse gases associated with the manufacture of ordinary portland cement (OPC) (1) , has catalyzed studies on the use of several environmentally benign alternate materials as partial OPC replacements. Fine limestone powder is one such material that has shown to be a viable partial OPC replacement material.
Limestone can be interground with OPC clinker in the cement manufacturing process or be ground separately and then blended with the cement during the concrete batching process.
Improved particle packing, fine limestone acting as nucleation sites for reaction product formation, and consequently better properties are obtained with interground portland limestone cements (PLC) as well as systems where fine limestone is blended with plain OPC in the concrete production process (2-4).
Binary and ternary cementitious blends containing fly ash, ground granulated blast furnace slag (GGBFS, hereinafter referred to as slag), metakaolin or silica fume are being commonly used to produce sustainable high-performance concretes (5) (6) (7) . Recently, significant work has been carried out on developing ternary blends based on the idea that limestone is capable of chemically combining with the aluminate phases in the cementitious materials to form carboaluminates that further densify the microstructure and consequently improve concrete properties (8) (9) (10) . Synergistic effects of limestone and fly ash or metakaolin have been elucidated in these studies. This has provided a methodology to realize increased OPC replacement without compromising performance.
In this study, a combination of limestone and slag is utilized as OPC replacement in order to develop binders that contain higher levels of cement replacement, yet result in performanceequivalent concretes. In addition to the alumina content in slag (which is typically higher than that in OPC but significantly lower than those typically found in fly ash or metakaolin) that facilitates limestone-aluminate synergistic reactions, slag demonstrates cementitious (albeit slow) and pozzolanic reactivity (11) . Due to the latent hydraulicity of slag, slag-based cements show reduced early age strengths but they have been shown to attain significant compressive strengths at later ages (12, 13) . The presence of fine limestone is expected to accelerate the early-age hydration in concrete containing slag. The synergistic effects of limestone and slag are explored in detail with respect to their contributions to the formation of hydration products and the development of strength and pore structure. Limestone powders of different size distributions are blended with OPC and slag to obtain similar particle size distribution (PSD) as the corresponding PLC-based mixture, which ensures that the total surface area available for The raw materials were proportioned by volume to obtain eleven different mixtures. Apart from the plain OPC paste, three mixtures were proportioned where 20, 40, or 50% of OPC by volume was replaced by slag. Similarly PLC (with a limestone content of about 13% by volume) was used as the base material in pastes where 20, 40, or 50% of the clinker fraction in PLC was replaced using a combination of slag and limestone. For example, a mixture with a 40% replacement includes 31.3% of slag (externally added) and 8.7% of limestone (intrinsic to the PLC). In the next set of mixtures, 20, 40, or 50% of OPC was replaced by blending slag and limestone powder of four different sizes so as to match the PSD of the corresponding PLCbased binders. It should be noted that PLC has a limestone content of about 13% by volume (11% by mass), which is interground with the cement clinker during the manufacturing process.
In this series, the limestone content was maintained at about 13% by volume, which is the same as that of the PLC. The sample nomenclature and the amounts of the constituents in the mixture are shown in Table 2 . These mixtures are indicated as OPC-x, INT-x and BLD-x respectively, where x represents the total replacement (by volume) of the cement clinker in the mixtures. A volume-based water-to-powder ratio (w/p) v of 1.26, which is approximately equivalent to a water-to-powder ratio of 0.40 by mass for the plain OPC system, was used. Figure 1 (b) were used such that the overall PSD of the blend is similar to the PSD of the PLC-based mixture at the same level of total replacement. The individual fraction of each limestone size was calculated using an iterative solver to minimize the mean square error of the final PSD of the blended and the interground mixtures. Size-matching in such a way ensures that the total surface area available for the reaction is similar for the corresponding blended and interground mixtures. However, intergrinding of portland cement clinker with limestone results in limestone being the finer component in the composite system due to the fact that it is softer than the clinker.
The volume percentages of different limestone sizes as obtained by matching of the PSDs of the blended mixtures are also shown in Table 2 . It should be noted that the size distribution available for PLC is a composite distribution of cement and limestone and that the volume 
Experiments

Isothermal Calorimetry
The heat evolution during hydration was determined using isothermal calorimetry (TAM Air micro calorimeter 2700 Series) at a constant temperature of 25°C for 72 hours. To ensure accurate early age measurement and minimize the time to isothermal conditions, the powders and water were conditioned in an oven for 12 hours at 25°C. The pastes (in triplicate) were then mixed using a laboratory mixer in accordance with ASTM C305 (14) . Approximately 10 g of sample was extracted immediately, placed in a sealed sample vial to minimize evaporation and placed in the isothermal calorimeter to determine the heat release response.
Compressive Strength Testing
Compressive strength tests were carried out in accordance with ASTM C109 (15) on 50 mm mortar cubes cured in a moist environment (>95% RH) and a temperature of 23±2°C. Mortar cubes were prepared with a sand volume fraction of 50%. The cubes were stored in the molds for 24 hours in covered conditions, after which they were demolded and stored until the desired testing age (1, 3, 14, 28, 56 and 90 days) in the moist-curing chamber. Three cubes were tested at each age.
Thermal Analysis
Simultaneous thermal analysis (STA) simultaneously measures the mass loss and heat flow associated with heating a sample over a defined temperature range. In this study, STA was carried out at ages of 1, 3, 7, 14, and 28 days. Powders were dry-blended prior to adding water, and the samples were mixed in accordance with ASTM C305. Paste samples were cured under sealed conditions at a temperature of 23±1°C until the desired testing age. Thermal analysis was completed using a Perkin Elmer STA 6000. Tests were carried out in a nitrogen environment, at a gas flow rate of 20 ml/s. Duplicate samples were heated from ambient temperature to 995°C at a heating rate of 15°C/min. Heat flow curves from thermal analysis over this temperature range typically illustrate three distinct peaks -(i) loss of evaporable water and chemically bound water in C-S-H and ettringite, (ii) the dehydroxylization of calcium hydroxide, and (iii) the decarbonation of calcium carbonate. A minor peak corresponding to the decomposition of mono/hemi-carboaluminate species was also observed. Calcium hydroxide and residual calcium carbonate contents were determined using the stoichiometric relationships associated with their respective decomposition reactions and the mass loss associated with their decomposition temperatures. The chemically bound water (w n ) is a measure of the degree of hydration of the portland cement, and is estimated by subtracting the mass loss associated with calcium carbonate from the loss on ignition of a dried sample (the mass at 110°C), normalized by the mass of the dried sample. The consumed carbonate content is the percentage of carbonates consumed during the hydration process relative to the amount of carbonates initially present as determined from the mixture proportions.
Mercury Intrusion Porosimetry (MIP)
Paste samples were cured for 28 days under sealed conditions at a constant temperature of 23±1 °C. The samples were crushed to an approximate size of 2 mm, and then dried in an oven for 2 hours at 60 °C. Two samples were tested corresponding to each specimen. This pretreatment method was found to produce consistent results in a previous study (4) . A mercury intrusion porosimeter capable of exerting a maximum testing pressure of 414 MPa was used.
The relationship between pore diameter and intrusion pressure was determined using the Washburn equation (16) (Equation 1 ), where 'd' is the apparent diameter and 'P' is the applied pressure. ' ' is the surface tension of mercury and 'φ' is the mercury contact angle which are assumed to be 0.480 N/m and 117° respectively during intrusion. The contact angle of 117° is typically used for the intrusion phase in oven dried cementitious materials (17) (18) (19) , and thus was selected for this study.
(
Studies have identified potential inaccuracies in the determination of the pore size distribution using MIP (20, 21) . However, the determinations of the total volume of mercury intruded and the critical (percolating) pore diameter which corresponds to the highest rate of volume intrusion into the specimen, have been suggested to be reliable (17, 22 
Influence of Replacement Levels on Packing Characteristics in Simulated Microstructures
The effect of particle packing on the properties of cement pastes and mortars has been well documented. Several studies have focused on optimizing particle packing arrangements to obtain high performance mixtures (4, 23, 24) . In the present study, the PSD of the component materials are used to determine packing characteristics, which can then be related to the early age hydration and strength development in cement-limestone-slag systems. In order to accomplish this, a microstructural stochastic packing model with periodic boundary conditions was implemented (25) . The algorithm digitally packs spherical particles in a 3D REV (representative element volume, chosen here as 300 x 300 x 300 µm 3 ). The input volume fractions were determined based on the chosen (w/p) v and the number of particles of each class based on the respective particle size distributions. The key microstructural features such as the average number of nearest neighbors and the particle contact fractions were extracted from these digital microstructures for analysis. For any particle, the nearest neighbor is defined as a particle that lies either wholly or partially in the radial field of that particle, defined as a field with a radius of (r+5) µm, where 'r' is the radius of the particle. The particle contact fraction is calculated as the fraction of nearest neighbor pairs in the microstructure. For instance, the slaglimestone contact fraction is calculated as the ratio of the total number of contacts between slag and limestone to the total number of contacts in the system (which includes cement-cement, limestone-limestone, slag-slag, and the three unlike particle contacts). Cement is represented in red, slag in blue, and limestone in green.
OPC was modeled using the available particle size distribution for C150 cement, whereas the PLC was modeled as a two-phase material with contribution from both cement and limestone.
However, only the composite particle size distribution was available for PLC and the details of the intergrinding process were not readily available. For the current study, the PSD of limestone in the PLC was determined by assuming that cement in the composite distribution has the same PSD as OPC (this is strictly not true since cement being harder than limestone, will be ground coarser in the intergrinding process; however this assumption is necessary). Considering that there is only about 13% of limestone in PLC and the median sizes of the OPC and PLC are not very different (11.2 and 10.03 µm), this can be considered to be a reasonable approximation.
The limestone PSD in the PLC was then determined by calculating the median size of limestone using rule of mixtures and constructing a normal distribution about the median size. After obtaining individual PSDs of limestone and cement, the distributions were discretized to get the number of particles in a RVE of size 300 µm using a packing fraction calculated from (w/p) v = 1.26. The results from the particle packing study are presented in Figure 4 . (Table 2) . This difference in the particle contact fractions is a possible reason for higher initial reactivity of the interground mixtures and the greater synergy between limestone and slag in the interground mixtures, as will be shown later. From Figure   4 (c), it is observed that the cement-limestone contact fraction decreases with increasing clinker replacement level, as expected. However, the cement-limestone contact fraction in interground mixtures always remains higher than those in the blended mixtures. With increasing replacement level, the difference in particle contact fraction between the blended and interground mixtures reduces. This is because, in both cases, the dominant replacement material (slag) is finer than both the parent cements which are being replaced.
Early Age Hydration Kinetics
Early age hydration kinetics were determined using isothermal calorimetry at a temperature of Table 2 . The parent cements in each category of mixtures are represented using solid lines and the samples with partial replacements are represented using dashed lines. Two major peaks, corresponding to the hydration of the silicate and aluminate phases are found in all the calorimetric signatures, as expected. Figure 5(a) shows the isothermal calorimetric response of binary OPC-slag mixtures. It is observed that with increasing level of slag replacement, the secondary peak corresponding to the hydration of the aluminate phase becomes more dominant in comparison to the primary peak. This change in the trends is most likely due to the enhanced rate of formation of AFm/AFmc phases (8) and is clearly noticeable in Figures 5 (a) -(c) as we go from the parent cement paste to the paste with 50% overall replacement. In the case of binary OPC-slag mixtures in Figure 5(a) , the reaction follows a more conventional pathway as that of OPC and leads to the formation of AFm phase from the reaction of ettringite with the aluminates. The additional reactive alumina from slag results in a steeper slope of the acceleration curve, and the slope increases with increasing slag content in the paste. , it can also be observed that the primary heat flow peak is higher than the secondary peak for OPC, while for mixtures containing slag and/or limestone, the opposite trend is observed. This is due to the enhanced aluminate hydration in the pastes containing a combination of limestone and slag. The peak also shifts towards earlier times with increasing Of particular importance among these samples is the parent PLC, which has about 13% limestone by volume interground with cement clinker. This paste shows a steeper acceleration curve and a higher heat flow peak value as compared to the plain OPC paste. When limestone is interground with portland cement clinker, the softer limestone is ground more readily than the harder portland cement clinker, resulting in finer limestone particles. The increased quantity of limestone fines significantly increases both the reactivity of the limestone and the surface area available for hydration product nucleation (27, 28) , which is observed in the enhanced hydration rates. In the samples where PLC has been partially replaced with slag, beyond a 20% replacement level, it is noted that the rate of the heat flow as well as the peak heat flow increases, in relation to the plain PLC paste. Although the limestone content in the pastes proportionally decreases with increase in the replacement, the increasing slope of the acceleration region leads to discern that there is an increase in reactivity of limestone in the presence of slag. This synergistic effect of slag and limestone is attributed to the presence of reactive alumina in slag which along with the more reactive PLC, increases the consumption of limestone by the formation of AFmc phase as will be shown later.
It is observed from Figure 5 that in the deceleration region and beyond, the heat flow rate is higher for the mixtures containing slag as compared to plain OPC and PLC pastes. It is also noted that the difference in heat flow response in this period between the parent cements and the ones containing slag increases with increasing replacement level. This is attributed to the hydration of slag which takes place at a slower pace than cement. The hydration of slag is a slow process and the activity of slag in blended cement systems is predominantly pozzolanic in nature, controlled by the amount of alkali (calcium hydroxide) produced from cement hydration (29, 30) . Thus, as the cement hydration progresses, it initiates the pozzolanic activity of slag which is noticeable from the deceleration region in the heat flow rate plots. The characteristic nature of the heat flow curves for all binary and ternary mixtures remains generally similar to that of their parent cement pastes except for a tertiary peak in the slagcontaining mixtures, corresponding to slag hydration at about 14 hours (11, 31, 32) . This peak, demonstrated as a hump in the deceleration portion of the heat flow curves, can also be identified on close observation of the heat flow plots in Figures 5(a -c) . This is readily shown in the derivative of the heat flow peak shown in Figure 6 for the mixtures containing 50% slag. The cumulative heat content is an indication of the degree of hydration of the overall binder. A combination of cement and slag is considered as the binder. It is observed from Figure 8 that the cumulative heat released for all the mixtures is generally lower than that of the OPC paste at all times. This has important implications in early age thermal cracking of concretes. The cumulative heats are, though, not proportional to the cement content in the mixtures, which is due to the enhanced formation of the AFmc phase resulting in the consumption of limestone, and the hydration of slag. However, the contribution from the latter is not quite significant at 72 hours due to the latent hydraulicity of slag. On closer observation, it is found that the cumulative heat flow values for the blended limestone mixtures containing slag are higher than those of the OPC pastes containing slag alone at the same total replacement levels. This once again is an indication of the increased limestone reactivity in the presence of slag. Figure 9 shows the evolution of compressive strength over these ages for the mixtures considered in this study. With respect to early age strengths, it can be immediately observed from all plots in Figure 9 that increasing cement (OPC or PLC) replacement levels decrease the compressive strengths as expected. This is attributed to the higher volume of hydration products produced in the mixtures with lower overall cement replacement at early ages. It is also observed from Figure   9 (a) that the 1-and 3-day strengths are rather proportional to the OPC content in the mixtures, indicating the effect of dilution in the early stages of hydration even though some slag hydration has been noticed in the isothermal calorimetry curves. It is well known that the hydration of slag is minimal at early ages (33, 34) . However, in mixtures containing blended limestone ( Figure   9 (b)), the compressive strength values at early ages are slightly higher than when dilution is dominant as in the case of OPC-slag blends. This is because of the presence of fine limestone particles which act as nucleation surfaces and enhance the hydration process, and the increase in the activity of limestone in the presence of slag which was explained earlier. It should be noted that the silicate and aluminate components of slag have different rates of reaction, and the aluminate phase reacts more rapidly as compared to the silicate phase (24) . For the slag-PLC blends in Figure 9 (c), the 3-day strengths are independent of the replacement levels. This earlier in the PLC-slag blends, more particularly in the mixtures containing 40% or 50% as discussed in the previous section.
Compressive Strength Development
The compressive strength values increase rapidly between 3 and 14 days of hydration. This is due to the formation of secondary C-S-H as a result of hydration and pozzolanic reaction of slag during this period. The extent of increase is more evident in the mixtures with higher replacement levels. From Figures 9 (a-c) , it can be clearly seen that the rate of increase in strength for mixtures with 40% and 50% replacement levels is much higher as compared to the mixtures with 20% replacement. This is because of the pozzolanic activity of slag in these mixtures. The pozzolanic behavior is due to the reaction of the glassy phase which corresponds to the silicates present in the slag, whereas the increase in the reactivity of limestone at early ages is attributed to the presence of aluminates. Comparing between the OPC-limestone-slag blended mixtures in Figure 9 (b) and the PLC-slag mixtures in Figure 9 (c), it can be noticed that the difference in strengths for the parent cement paste and the blended mixtures containing slag are higher for the PLC-slag system. This can be attributed to the much higher early age strength of the parent PLC mortar owing to its increased fineness.
For the OPC-slag blends, the later age strengths (56 days and beyond) are comparable to that of the parent OPC mixture. The hydration of slag and its pozzolanicity are responsible for this behavior as will be shown using thermal analysis results later. A similar observation is noted for the OPC-limestone-slag blends. For the PLC-slag blends, the strengths are slightly lower than that of the plain PLC mortar, attributed to the increased fineness and reactivity of the PLC.
Comparing Figures 9(a-c) , it is observed that the mixtures with 40% or 50% replacement levels obtain later-age strengths higher than those of the mixtures with 20% replacement level at different times depending on the mixture constitution. For the OPC-slag mixtures, this happens between 56 and 90 days whereas for the OPC-limestone-slag blends, this occurs between 10 and 14 days. For the PLC-slag mixtures, this occurs before 7 days, suggesting increased synergistic performance between limestone and slag. Since limestone is ground much finer in PLC, its reactivity with aluminates from slag is expected to be higher, which is represented in increased carbonate consumption for these systems as shown later. In most cases, the later age strengths at 56 days and 90 days for all the mixtures approach the strength of mixtures made solely using their parent cements -OPC or PLC.
The lower rate of strength gain in the binary OPC-slag mixtures as compared to the ternary mixtures containing limestone can be explained using the difference in reactivity of slag in the To obtain a better understanding of the influence of limestone and slag on the early and later age strengths, the compressive strengths at 3 and 56 days are represented as a function of the clinker factors in Figures 10(a) and (b) respectively. Clinker factor is defined as the ratio of the volume of cement (OPC) in the dry mixture to the total volume of the powder. It is therefore an effective criteria which indicates the sustainability of the mixture. From Figure 10 (a), it is noted that the 3-day compressive strengths of both the blended and interground mixtures containing limestone are higher than those of the OPC-slag blends at all clinker factors, signifying the influence of limestone in the early-age strength development process. Even at such an early age, below a clinker factor of 0.6, there is no strength reduction for both the blended and interground systems containing limestone, which is attributable to the limestone-slag interaction as well as the particle packing in these systems, as discussed in an earlier section. It is noted that the slag-limestone interaction increases (Figure 4(b) ) as the total level of replacement increases in these systems, which leads to increased slag reaction, with limestone acting as a heterogeneous nucleation site. The average number of nearest neighbors also increases as shown in Figure 4 (a), which leads to increase in the probability of formation of reaction products and therefore increases the degree of reaction. The two factors mentioned above play an important part in counteracting the effect of dilution at early ages and lead to increase in strength at higher level of replacement. At later ages, as observed from Figure 10 
Hydration Products
The progress of the hydration reaction was investigated using thermal analysis techniques.
Representative differential thermogravimetric (DTG) curves are shown in Figure 11 . These 
Non-evaporable water contents
Figures 12 illustrates the evolution of non-evaporable water (w n ) content for all the pastes after 3 and 28 days of hydration. Non evaporable water content is considered to be one of the key indicators of the progress of the hydration reaction process in hydraulic cements. An increase in w n with time is noticeable between 3 and 28 days. In case of pastes containing slag, especially after 28 days, w n denotes the contribution of the cement and the slag fractions in the paste. Here, the progress of hydration in all the blended and interground mixtures studied is evaluated as a function of the overall clinker replacement level, the amounts of limestone and slag, and the process of intermixing (intergrinding vs. blending). As the slag content in the OPC-slag mixture increases, the normalized w n also increases at early ages (Figure 12(a) ). However, this increase is not proportional to the clinker content in the mixes. This can be explained based on the fact that slag has slower reaction kinetics than cement, and it behaves mostly as inert filler at early ages. It may be argued that the filler effect of slag should lead to a higher cement hydration at higher replacement values; however that is compensated by the dilution effect. It is also noted that the 3-day values for w n are higher for the PLC-slag mixtures in comparison to the OPC-slag and OPC-slag-limestone blended mixtures.
This is attributed to the enhanced hydration at early ages in the interground mixtures due to the presence of finer limestone particles acting as nucleation sites, as also suggested from the particle packing model with respect to the increased cement-limestone interaction (Figure 4(c) ).
At later ages, the hydration of cement continues to produce increased quantities of CH, which enhances the hydration of slag (36) . Thus, when the 28-day w n values are considered, they increase more significantly with increasing slag content as can be noticed in Figure 12 (b). Here, it is also noticed that the w n values at a particular replacement level are relatively invariant of the type of intermixing or the presence/absence of limestone. Figure 13 presents the CH contents normalized by the clinker fraction for all the pastes. A cursory look at the figures will result in the deduction that the actual CH contents (nonnormalized) reduce with increase in replacement level as expected, primarily attributed : (i) at early ages to the reduced clinker fraction in the mixture, and (ii) at later ages to their consumption by slag to produce secondary C-S-H. Between 3 and 28 days, the normalized CH contents do not change appreciably, indicating that the same amount of CH produced by cement hydration during this period is consumed by the pozzolanic reaction of slag to produce additional C-S-H gel. This is apparent in the increase in w n values ranging between 15% and 50% between 3 and 28 days, depending on the replacement level. Figure 15 shows the relationship between consumed carbonate content and the AFmc phase content in these mixtures after 3 and 28 days of hydration. An increasing amount of AFmc phase corresponds rather linearly to an increase in carbonate consumption (or reduction in carbonates detected by thermogravimetry), which is explained by the fact that the carbonate reacts with the alumina present in cement and slag to form mono/hemi carboaluminates.
CH contents
However it should also be noted that not all alumina present in slag reacts with the carbonate to form the AFmc phase and is also bound in the denser pozzolanic C-S-H phase formed by the hydration of slag (11) . The pore structure of the pastes was determined using MIP. Even though the pore size distribution determined using MIP have been shown to be prone to error (20, 21) , they are useful for relative comparison.
To explore the influences of the addition of slag and limestone on the pore structure of these systems, the porosity and critical pore diameters are presented in Figure 16 . Several key aspects are noted from Figure 16 (a). The OPC paste has a lower porosity than all the other mixtures. The PLC-slag mixtures have comparable or slightly lower porosities than their blended counterparts at the same total level of replacement. This is likely due to the enhanced nucleation effect of finer limestone from the interground cement, which accelerates the cement hydration as well as slag hydration process as was explained in the previous sections. The slag-OPC binary blends have the least porosity as compared to all mixtures at the same clinker replacement level. In other words, from a total pore volume standpoint, the absence of limestone results in lower porosities because both the cement and slag are capable of hydrating and producing reaction products. However, as the overall replacement level increases, it is noted that the porosity increases for all the pastes, with the highest value noted for the pastes with 50% overall replacement level in each of the categories. This is due to the reduction in the cement content of the paste. Thus, although the total binder content remains the same, the decrease in the cement content decreases the total volume of hydration products, since slag does not achieve the same degree of hydration as compared to cement after 28 days of hydration (39) . On the other hand, it should also be noted that the increase in porosity is not substantial in relation to the cement replacement level. This is because the decrease in cement content is balanced to an extent by the pozzolanic activity of slag (36, 40) demonstrating that the reduction in clinker factor does not adversely influence the transportcontrolling pore sizes in systems containing limestone and slag.
CONCLUSIONS
The development of binders containing high volumes (up to 50%) of cement replacement using a combination of slag and limestone was discussed in this paper. The influence of blending limestone and slag with OPC or using slag along with PLC where limestone is interground during the manufacturing process, was evaluated in detail. A particle packing model was utilized to quantify the changes in the number of nearest neighbors and particle contacts, which have a bearing on the hydration and reaction product formation in these systems. The heat flow peak values and the slope of the acceleration period from isothermal calorimetry were found to be highest for the interground limestone-slag systems, followed by the blended ternary systems, The compressive strengths were found to be lower for the binary and ternary systems at early ages than their parent OPC or PLC counterparts attributed to the dilution effect. However, the presence of limestone resulted in an increased strength in both the blended and interground states as compared to the OPC-slag blends. The later age strengths, even at 50% total replacement were similar for the blended limestone-slag, and OPC-slag mixtures. The strength gain between 3 and 28 days was found to be the highest in PLC-slag mixtures, followed by the OPC-limestone-slag blends, and it was the lowest for the OPC-slag binary mixtures. This further indicates the influence of limestone in these systems. As a function of the clinker factor in the mixtures, the later age compressive strengths remained invariant of the limestone and slag addition or method of addition. The synergistic effect of slag and limestone was also confirmed by the linear correlation between the consumption of carbonates and the formation of AFmc phase in the pastes. The presence of finer limestone in the PLC-containing pastes led to increased carbonate consumption and thereby an increase in the formation of carboaluminates.
Although the total porosity in the pastes at later ages increased with cement replacement levels, likely due to the incomplete reaction of slag, the critical pore diameters decreased, indicating pore size refinement in the presence of slag and limestone. The comprehensive study reported here can lead to the development of sustainable material design strategies using multiplematerial binders for concrete.
